ABSTRACT: The cropping system model, namely, the crop environment resource synthesis-rice (CSM-CERES-Rice) model, is a decision supporting tool for the design of crop management. This study aimed to determine management practices for increasing rice (Oryza sativa L.) production in Laos by using the CSM-CERES-Rice model. The model was evaluated with data sets from the TDK8 and TDK11 cultivars in farmers' fields in the Vientiane plain in 2012. Anthesis and harvesting dates, growth and yield for various management scenario combinations (eight transplanting dates × two levels of plant densities × three rates of nitrogen (N) fertilizer application) for both cultivars were simulated by the model from 1980 to 2012. The model evaluation results showed strong agreement between simulated and observed data for days to harvest with a difference within four days. The model provided acceptable accuracy for grain yields with normalized root mean square error values ranging between 1 and 16 %. The results from the model application indicated that TDK8 and TDK11 produced similar yields. Transplanting TDK8 with two plant densities produced similar yields. The highest yield for both cultivars was achieved on the transplanting date of 15 Jan. N-fertilizer application at 60 and 120 kg N ha −1 was able to increase yield for TDK8 by 50 and 87 %, respectively, and for TDK11 by 54 and 70 %, respectively. Rice transplanted on 15 Jan with 5 seedlings hill −1 and N-fertilizer at 120 kg N ha −1 had the highest average yield for both cultivars with 6,460 and 6,351 kg ha −1 for TDK8 and TDK11, respectively. The CSM-CERES-Rice model is an alternative tool in determining crop management practices for rice production.
Introduction
Rice (Oryza sativa L.) is the most important food for half of the world's population especially in Asia (Schiller et al., 2006) . In Laos, rice is mostly cultivated in the plain areas which account for more than 80 % of the agricultural areas of the country. Records from the Office of Agricultural Statistics of Laos indicate that the average rice yield is lower than the expected yield level of 2.5 t ha −1 . There are several factors that impact rice production, including management practices such as cultivar use, transplanting date, plant density, fertilizer application, irrigation amongst others. Identification of suitable crop management practices could provide information for designing a plan to increase the rice yield of this production area. However, this process is time consuming and expensive as many years of experimental trials are required. In addition, cropping systems are extremely complex and many factors have to be considered to achieve long-term sustainability (Geng et al., 1990) in major rice growing areas.
The CSM-CERES-Rice model has been developed to support decision making in agronomic research, crop production and land-use planning. It has been included in the decision support system for agrotechnology transfer (DSSAT). The CSM-CERES-Rice model is physiologically based and simulates daily canopy photosynthesis, respiration, growth, biomass partitioning and crop development as a function of input information, including daily weather conditions, soil properties, management practices and cultivar characteristics (Jones et al., 2003) .
This model was introduced as a decision-supporting tool and its performance has been assessed for rice-wheat cropping systems to increase land and resource use efficiency (Timsina and Connor, 2001; Sarkar and Kar, 2006; Timsina and Humphreys, 2006) . The model has been evaluated in a number of agro-environments and crop management strategies (Cheyglinted et al., 2001; Singh et al., 2007; Vilayvong et al., 2012; Yao et al., 2005) . It has also been used to determine better rice management systems under irrigated conditions (Ahmad et al., 2012) and simulate rice yield under certain agronomic management practices and changing climatic scenarios (Lamsal and Amgain, 2010) . Therefore, the CSM-CERES-Rice model offers the opportunity of a tool to determine crop management for improving rice productivity.
Currently, the lack of this model assessment has limited the application in investigating the interaction of transplanting dates, plant densities and N-fertilizer application for lowland rice under both irrigated and rainfed conditions in tropical regions such as Laos. This study aimed to determine management practices that will increase rice production in Laos by using the CSM-CERES-Rice model.
Materials and Methods

Model evaluation
The input data required to evaluate the CSM- These data cover the range of rice management practices in Vientiane. Therefore, it would constitute information representative of rice production in this area. Crop details include harvest maturity date and dry weight of grain yield for TDK8 and TDK11 cultivars from nine farmers' fields. The sample plots (three plots for each cultivar) were selected for the collection of data from an area of 4 m 2 for each plot. The soil surface and soil profile characteristics for two soil groups in the Vientiane plain were obtained from the Soil Survey and Land Classification Center, National Agriculture and Forestry Research Institute, Ministry of Agriculture and Forestry, Laos (Table  1) . The genetic coefficients of TDK8 and TDK11 (Table  2) were obtained from our previous study (Vilayvong et al., 2012) , that also indicated that the genetic coefficients of TDK8 and TDK11 cultivars are sufficiently accurate for further application of CSM-CERES-Rice to support decision making.
The management, soil, climatic and crop data for nine farmers' fields and the genetic coefficients of TDK8 and TDK11were used as input data in the DSSAT v4.5. Model evaluation was performed by comparing the simulated values with their corresponding observed values from nine farmers' fields. The root mean square error (RMSE n ) value (Wallach and Goffinet, 1987) was used to test the agreement between simulated and observed data. Low RMSE value indicates strong agreement between the data sets. The RMSE n value gives a measure (%) of the relative difference of simulated versus observed data. The simulation is considered excellent if the RMSE n value is less than 10 %, good if the RMSE n is greater than 10 % and less than 20 % and fair if the RMSE n is greater than 20 % and less than 30 % (Loague and Green, 1991) .
Simulation for different management scenarios
The input data required for model simulation include genetic coefficients, soil properties, daily weather conditions and rice management. The genetic coefficients of TDK8 and TDK11 (Table 2) were obtained from Vilayvong et al. (2012) . The historical daily weather data for Vientiane from 2001 to 2012 (12 years) include maximum and minimum temperatures, solar radiation and rainfall (Figure 1 ). These historical weather data were then used as the input data for the WeatherMan program in DSSAT v4.5 to generate the weather parameters for long-term simulation.
Model simulation for different management scenarios was conducted to determine crop management practices for rice production in the Vientiane plain. The scenarios for crop management were first defined by following both local extension recommendations and current farmers' management practices. Growing rice in-season under both rainfed and irrigated conditions were specified for seven transplanting dates in the rainy season, e.g. 15 June, 30 June, 15 July, 30 July, 15 Aug, 30 Aug and 15 Sept. Another growing rice off-season under irrigated conditions was also set as 15 Jan transplanting date (Figure 1 ).
Irrigation and water management for all planting dates were set as automatic application when required by the crop. The common plant densities of 1 seedling hill −1 and 5 seedlings hill −1 with 20 cm × 20 cm of plant spacing were employed. N-fertilizer was applied at the rates of 60 kg N ha −1 (the rate recommended by Linquist and Sengxua (2001) for lowland rice in Laos) and 120 kg N ha −1 (two times the recommended rate) with three splits (recommended by Iqbal et al., 2008) of 35 % at 20-25 days after transplanting (DAT), 45 % at 40-45 DAT and 20 % at 60 DAT. The most popular glutinous rice cultivars TDK8 and TDK11 in Vientiane plain were used for simulation scenarios.
The crop management scenario combinations (eight transplanting dates × two plant densities × three rates of N-fertilizer application) were run by the CSM-CERES-Rice model for TDK8 and TDK11 cultivars. The simulation was conducted for 33 years from 1980 to 2012. The seasonal analysis program of DSSAT v4.5 was used to evaluate and compare between different combinations of crop management practices. The simulated data were analyzed statistically using the analysis of variance technique. Treatment means were compared by the least significant difference (LSD) method. All statistical analyses were performed using Statistix8 software by following Gomez and Gomez (1984) . The total production cost and gross income (average simulated yield for 2012 × price of rice) for TDK8 and TDK11 productions under three different rates of N-fertilizer application were also evaluated and they were then used to calculate the net income. The relative values (%) for total production cost, grain yield and net income were calculated by using the value of each N-fertilizer application rate multiplied by 100 and then divided by the corresponding value for no N-fertilizer application.
Results
Model evaluation
Differences between the simulated data and observed data for days to harvest ranged from +2 to -4 days ( Table 3 ). The greatest difference (-4 days) was found for TDK8 grown on 13 June 2013 with N-fertilizer at a rate of 80 kg N ha −1 followed by -3 days for TDK11 grown on 10 July 2011 with N-fertilizer at a rate of 73 kg N ha −1 . Most differences between the simulated data and observed data for grain yield were low, ranging from 31 to 154 kg ha −1 for RMSE values and 1 to 6 % for RM-SE n values (Table 4) . However, the highest RMSE value of 556 kg ha −1 and RMSE n value of 16 % were found for TDK8 transplanted on 7 July 2012 with N-fertilizer at a rate of 42 kg N ha −1 .
Simulation for management scenarios
The simulated results for 33 years (from 1980 to 2012) indicated that there were differences (p < 0.05) between TDK8 and TDK11 for days to anthesis, days to harvest, biomass and harvest index, whereas there was no difference (p > 0.05) between TDK8 and TDK11 in terms of grain yield (Table 5) . The results for simulated data showed that TDK8 flowered at 83 DAT and had 122 days to harvest, whereas TDK11 bloomed at 76 DAT and could be harvested at 108 days. TDK8 was also higher than TDK11 in biomass production (13,712 and 12,354 kg ha −1 for TDK8 and TDK11, respectively), but it was lower than TDK11 as regards harvest index (0.31 and 0.34 for TDK8 and TDK11, respectively). However, these cultivars had no differences in grain yield (4,165 and 4,209 kg ha −1 for TDK8 and TDK11, respectively). TDK8  TDK11  TDK8  TDK11  TDK8  TDK11  TDK8  TDK11  TDK8  TDK11 Plant density Differences in plant population densities affected (p < 0.05) days to anthesis, days to harvest, biomass and harvest index for both cultivars, but it did not affect (p > 0.05) grain yield of TDK8 (Table 5) . Biomass of TDK8 and TDK11 grown at 5 seedlings hill −1 was higher than that grown at 1 seedling hill −1 , but both TDK8 and TDK11 grown at 1 seedling hill −1 had a higher harvest index than those grown at 5 seedlings hill −1 . N-fertilizer rates also affected (p < 0.05) days to anthesis, days to harvest, biomass, grain yield and harvest index for both rice cultivars (Table 5 ). For both cultivars with higher N-fertilizer application, days to anthesis and days to harvest were slightly delayed, whereas biomass and grain yield were increased. However, N-fertilizer reduced the harvest index in both cultivars.
Transplanting date affected (p < 0.05) days to anthesis, days to harvest, biomass, grain yield and harvest index (Table 5 ). The longest days to anthesis was recorded for the crop transplanted on 15 June in TDK8 (85 DAT) and 15 June and 30 June in TDK11 (78 DAT). Whereas the longest days to harvest was recorded for the crop transplanted on 15 Sept for both cultivars with 130 and 114 DAT for TDK8 and TDK11, respectively. The shortest periods of life cycle were recorded for both cultivars transplanted on 15 Jan.
The crop transplanted on 15 Sept produced the highest above ground biomass with 17,066 kg ha −1 for TDK8 and 15,192 kg ha −1 for TDK11. The crop grown on other transplanting dates during the period 15 June to 15 Aug had low biomass. The crop transplanted on 15 Jan produced the highest grain yield with 4,889 and 4,766 kg ha −1 for TDK8 and TDK11, respectively. TDK8 and TDK11 transplanted on 15 June had the highest harvest index. Both cultivars had the lowest harvest index when they were planted on 15 Sept.
According to simulated results for all management combinations, a delay in transplanting dates and an increase in the rate of N-fertilizer application could increase grain yields for all cultivars and plant densities, except for a combination of the crop transplanted on 15 Jan with 1 seedling hill −1 and 120 kg N ha −1 (Figure 2) . A plant density of 5 seedlings hill −1 along with 120 kg N ha −1 and a transplanting date of 15 Jan had the highest average grain yield for both TDK8 (6,460 ± 403 kg ha ) when compared to the other management combinations. In addition, the range of the simulated rice grain yield around the median for this management combination was also small, especially in TDK8.
Contribution of N-fertilizer application to production cost, grain yield and income
Economic assessment for rice production under three rates of N-fertilizer application was also made by using the simulated results from 2012. The results indicated that N-fertilizer rates of 60 and 120 kg N ha −1 increased total production costs of 6 and 12 %, respectively, for both TDK8 and TDK11 (Table 6) . N-fertilizer rates of 60 and 120 kg N ha −1 contributed to yield increases of 50 and 87 % for TDK8 and 54 and 70 % for TDK11, indicating that TDK8 responded to fertilizer application better than did TDK11. The net incomes for growing TDK8 with 0, 60 and 120 kg N ha −1 were 147.5, 563.0 and 855.2 US$ ha −1 , respectively, while the net incomes for growing TDK11 were 201.9, 678.5 and 794.5 US$ ha −1 , respectively. The relative net income for TDK8 went up by 382 and 580 % when the rate of N application was increased from 0 to 60 and 120 kg N ha −1 , respectively, it went up by 336 and 393 % for TDK11, respectively.
Discussion
Model evaluation
Differences in simulated data and observed data for days to harvest were in the range between +1 to -4 days and the major differences were TDK8 with N-fertilizer at a rate of 80 kg N ha −1 (-4 days) and TDK11 with N-fertilizer at a rate of 73 kg N ha −1 (-3 days). The differences were partially due to inaccuracy in determining crop maturity which caused harvest delays by farmers.
The differences between observed and simulated yields were not particularly great. Most differences between simulated yield and observed yield were lower than 10 % except for one crop cut which had a 16 % difference. The simulated results are considered acceptable if the difference between simulated yield and actual yield is lower than 10 % (Loague and Green, 1991) . The disparities between the observed and simulated values were attributable to the fact that the crop in the actual farmers' fields had been affected by weeds, diseases and pests and other factors which were not taken into account by the model. In addition, error from fertility data could also result in differences between observation and simulation (Oteng-Darko et al., 2012; Yao et al., 2007) .
The CSM-CERES-Rice model provided good simulated yields of glutinous lowland rice (Vilayvong et al., 2012) . Overall, variations between observed and simulated yields are adequately accounted for and the CSM-CERES-Rice model could be used to determine the appropriate management practices for improving rice production in the Vientiane plain, Laos.
Simulation for different management scenarios
There was no difference in the yields of TDK8 and TDK11 although they were different in days to anthesis, days to harvest, biomass and harvest index. Difference in days to harvest is very useful for rice production. TDK11 may be better under terminal drought because it completes the life cycle earlier. Thus, it can alleviate the effect of terminal drought. In cases where soil preparation was delayed, TDK11 is also better than TDK8.
The increase in plant population density from 1 seedling hill −1 to 5 seedlings hill −1 slightly increased biomass and reduced harvest index, whereas grain yield seemed to be reduced for TDK11 cultivars. In previous investigations, 1 seedling hill −1 gave a higher net as- similation rate which is the physiological potential for converting the total dry matter into grain yield (Baloch et al., 2006) . Similarly, plant density of 1 seedling hill −1 of rice gave higher grain when compared to plant density of 2 seedlings hill −1 (Srinivasulu et al., 1999) . In this study, a high assimilation rate did not contribute much to grain yield because the crop grown at 5 seedlings hill −1 had higher biomass than the crop grown at 1 seeding hill −1
. Grain yield in this study seems to be related to the harvest index instead of biomass. However, attaining high grain yield may be difficult in different contexts because grain yield is dependent on several factors such as soil moisture, soil fertility, agronomic practices, pests and diseases.
Increases in N-fertilizer rates could increase both biomass and grain yield but they seemed to reduce harvest index. Greater increases in grain yield were found for N-fertilizer at a rate of 60 kg N ha −1 and grain yield was increased albeit at a reducing rate when the crop was applied with N-fertilizer at a rate of 120 kg N ha −1
. Application of N-fertilizer supports crop growth and final yield (Baloch et al., 2006) . If the crop is not labile to natural disasters such as flooding, drought, insect pests and diseases, higher N-fertilizer rate is highly recommended for attaining maximum yield and maximum profit.
Production of glutinous rice in this area depends heavily on N-fertilizer input. In this study, application of N-fertilizer at the rates of 60 and 120 kg N ha −1 increased total production costs for both cultivars by 6 and 12 %, respectively. At these N-fertilizer rates, changes in grain yield and net income were much higher than changes in production costs. In general, adding N-fertilizer application under good management conditions farmers could obtain a satisfactory income from their rice growing.
The farmers in Laos usually transplant rice in-season (from June to Aug) depending on rainfall and rain distribution and they can also grow off-season rice in Jan with irrigation. In this study, we simulated in-season rice starting from 15 June to 15 Sept (seven transplanting dates) and off-season rice on 15 Jan to understand the effects of the transplanting date on growth and yield. For in-season rice, delayed transplanting from June to Sept caused slightly early anthesis in both TDK8 and TDK11. However, both cultivars seemed to have increased days to harvest with late transplanting dates. These results are similar to the observed values measured by Vilayvong et al. (2012) who maintained that TDK8 and TDK11 are non-photosensitive cultivars. Therefore, the variation in transplanting times would also have a key effect on life duration of these rice cultivars (Fukai, 1999) .
Both TDK8 and TDK11 increased biomass with late transplanting dates of in-season rice but they reduced harvest index. Growing rice off-season with a transplanting date of 15 Jan gave high biomass, grain yield and harvest index when compared to in-season rice. This was caused by high solar radiation during the growing season. The average values of solar radiation for the entire growing season were 19.9, 16.7, 15.9, 15.4, 15.1, 14.9, 14.8 and 14.8 A high solar radiation value for the entire growing season contributes to the high level of crop yield (Banterng et al., 2010) . Solar radiation provides the energy for the processes that drive photosynthesis, affecting carbohydrate partitioning and biomass growth of the individual plant components (Hoogenboom, 2000) . Considering the transplanting date, therefore, farmers are recommended to grow rice under both rainfed and irrigated conditions on 15 Jan, 30 July, 15 Aug, 30 Aug and 15 Sept to attain acceptable grain yield.
The highest simulated grain yield for the combination of rice transplanted on 15 Jan with 5 seedlings hill −1 and 120 kg N ha −1 would be related to the effects of high solar radiation during crop life duration, high N-fertilizer input as well as suitable plant density. However, low values of simulated grain yields for the transplanting date of 15 Jan with 1 seedling hill −1 and 120 kg N ha −1 were also recorded and this because of over N-fertilizer application. The simulated output from the model indicated that stress or nutrient toxicity was the result of a high input of N-fertilizer during the panicle initiation stage to the beginning of the grain filling stage for the crop transplanted on 15 Jan along with 1 seedling hill −1 and 120 kg N ha −1 and it reduced the total number of panicles and ultimately grain yield. Under no N-fertilizer application, however, transplanting with 5 seedlings hill −1 may face nutrient deficiency stress during the panicle initiation phase.
We demonstrated how the CSM-CERES-rice model could potentially assist in the determination of crop management schemes for rice production in tropical regions such as Laos. The model could provide valuable information in the design of agricultural management practices that will increase rice production in the Vientiane plain. To be able to identify crop management practices for a specific region, however, we suggest that the results both from a few years of actual experiments and from longterm simulation should be used to help design the best recommendations.
Conclusion
CSM-CERES-Rice model is an alternative tool for determining management practices for lowland rice in and 5 seedlings hill −1 produced similar grain yield for TDK8. Application of N-fertilizer at the rates of 60 and 120 kg N ha −1 could increase grain yield and net income. The transplanting date of 15 Jan gave the highest grain yield for both TDK8 and TDK11 when compared with the other transplanting dates. The management combination of irrigated rice transplanted on 15 Jan with 5 seedlings hill −1 and N-fertilizer at 120 kg N ha −1 is recommended for improving lowland rice production in Laos.
